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(57) A method for the photodisruption of tissue using 
a laser beam for stereotactic laser neurosurgery in- 
cludes the initial step of positioning the distal end of a 
probe into the tissue to be photodisrupted. A laser beam 
having laser pulses of picosecond or. femtosecond du- 
ration is then directed along a beam path through the 
probe. Using a focusing lens, which is slidably posi- 
tioned on the beam path in the probe, and a light reflec- 
tor, which is slidably positioned on the beam path at the 
distal end of the probe, the laser beam is focused to a 
focal point that is located on a line substantially perpen- 
dicular to the beam path through the probe. By concert- 
ed movement of the lens and mirror, predetermined cy- 
lindrical layers of tissue can be photodisrupted. Specif- 
ically, a rotation of the mirror causes photodisruption of 
tissue along a circular arc and a simultaneous move- 
ment of the lens and mirror allows for photodisruption of 
additional arcs on a cylindrical surface. Further, by mov- 
ing the lens relative to the mirror, cylindrical tissue sur- 
faces having different radii can be photodisrupted. Ad- 
ditionally, the area of tissue photodisruption can be irri- 
gated and aspirated during practice of the method. 




Figure 1 
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D scription 

FIELD OF THE INVENTION 

This invention is in the field of methods and appa- 5 
ratus used in the treatment of brain tumors and function- 
al operations. 

BACKGROUND OF THE INVENTION 

The principle method currently in use for the treat- 
ment of brain tumors is the operative resection. Such 
treatment necessarily involves significant physical trau- 
ma to healthy surrounding tissues, especially when the 
tumor is deep-seated, located deep within the brain. 
Presently, the most prevalent treatment used in con- 
junction with the surgical resection is radiation therapy. 

Radiatbn therapy typically is administered with the 
assistance of stereotaxis to achieve precise localization 
of the effects of the radiation in the tumor. Stereotaxis 
is accomplished with an external framework attached to 
the skull of the patient. Through these stereotactic meth- 
ods, the radiation can be focused precisely on the tumor, 
to achieve a necrosis of the tumor tissue. If the volume 
of the tumor tissue is beyond a certain magnitude, the 
irradiation induced necrosis can have serious side ef- 
fects. Irradiation induced necrosis can, in fact, grow like 
a tumor. In addition, fluid can accumulate at the site of 
the tumor, and the resulting edema can have long term 
effects, possibly even resulting in death. If chemother- 
apy is used in conjunction with the radiation therapy, the 
risks associated with irradiation induced necrosis are in- 
creased. 

It is also currently known to treat brain tumors 
through laser surgery. Presently, the lasers used for this 
purpose are either a C0 2 laser or a Nd: YAG laser. Both 
of these lasers use thermal energy to vaporize or coag- 
ulate the tumor tissue. It happens, however, that the ap- 
plication of sufficient thermal energy to achieve tumor 
tissue necrosis through these mechanisms necessarily 
heats the surrounding tissues as well. 

Current methods for laser surgery of brain tumors 
requires the laser be guided either manually or stereo- 
tactically. In either case, lengthy procedures are re- 
quired. Currently used lasers must be focused on the 
tumor from a wide range of angles, so the treatment nec- 
essarily affects a relatively targe volume of intervening 
tissue and requires an appreciable amount of time. Be- 
cause tissue removal by currently used lasers is ther- 
mally induced, and because of the necessity for a wide 
range of approach angles, a considerable amount of 
heat expansion of surrounding healthy tissue occurs. 
The result is that the currently known methods of laser 
surgery are not a significant improvement over previ- 
ously known surgical techniques. 
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SUMMARY OF THE PREFERRED EMBODIMENTS 

The present invention is a method which improves 
the efficacy of laser surgery on brain tumors by using a 
type of laser which has a more effective tissue removal 
scheme, and by applying the laser beam from within the 
tumor to reduce the amount of surrounding healthy tis- 
sue that may otherwise be affected. 

First, addressing the type of laser, a powerful solid 
state laser is used, with pulse durations in the one hun- 
dredth to one hundred picosecond range. The pulses 
from such a laser precisely break off small segments of 
tumor tissue, thereby eradicating the tumor by ablation, 
through a mechanism of non-thermal photodisruption of 
the tissue. There are no discernible effects in surround- 
ing tissues. 

Second, addressing the application of the laser 
from within the tumor, a laser probe has been devised 
which applies the laser energy at the precise location of 
the tumor, with a minimum amount of trauma to inter- 
vening tissues. The probe is sufficiently small to reach 
into a tumor with minimal trauma along the access path. 
Further, a single access path will often suffice, avoiding 
the wide range of approach angles necessitated by pre- 
viously used laser equipment. The laser beam is emitted 
from a lateral opening at the distal end of the probe, per- 
pendicular to the axis of the probe, or from a forward 
directed opening at the distal end of the probe, to strike 
a target within the tumor. The laser beam is then moved 
according to a planned sequence to progressively ab- 
late tumor tissue until all of the tissue is removed. 

The high power picosecond laser photodisrupts tar- 
get tissue by an interaction mechanism called plasma- 
mediated ablation. Where specific ablation of localized 
tissue is desired, the laser is sharply focused on the tis- 
sue surface, creating a microplasma at the focus spot, 
where a high power density exists. The microplasma 
rapidly expands, generating a cavitation bubble and a 
shock wave. The cavitation bubble imposes stress on 
the tissue, and the shock wave creates a pressure gra- 
dient in the tissue, resulting in a mechanical disruption 
of the segment of tissue. In this way, the tumor tissue is 
fragmented into very fine particles. The energy level of 
the laser is controlled to achieve, but not greatly exceed, 
the ablation threshold. This results in ablation of the tar- 
get tissue with negligible mechanical effects on sur- 
rounding tissue. Even at higher energies, the effects on 
surrounding tissues vanish within 300 microns of the fo- 
cus spot. 

The laser probe has a rigid tubular section and a 
mounting body which can be mounted on a head ring 
for stereotactic control purposes. The tubular section of 
the probe has a very small overall diameter, and it con- 
sists of three coaxial tubes. Other tube arrangements 
could also be used. The first, inner, tube provides a 
channel for the laser beam path, and it houses the nec- 
essary optical devices for control of the laser beam, in- 
cluding a focusing lens. The second tube surrounds the 
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first tube, and a mirror is attached near the distal end of 
the second tube for deflecting the laser beam. A space 
between the first tube and the second tube provides a 
flowpath for irrigation fluid toward the distal end of the 
probe. The irrigation fluid is pumped down the space be- 
tween the first tube and the second tube to clear the 
mirror and to put ablated tissue particles near the distal 
end of the probe into suspension. The third, outer, tube 
surrounds the first and second tubes, and a space be- 
tween the second tube and the third tube provides a 
flowpath for aspirated irrigation fluid toward the proximal 
end of the probe. The aspirated fluid transports the sus- 
pended tissue particles and any accumulated biological 
fluid away from the operative area near the distal end of 
the probe. Therefore, as ablation occurs, continual irri- 
gation and aspiration of the operative area removes the 
particles of tumor tissue as they are broken" loose by ab- 
lation. The flow in the irrigation and aspiration flowpaths 
also can be controlled to regulate the intracranial pres- 
sure. 

The mirror is located near the distal end of the 
probe. The laser beam passes longitudinally through the 
inner tube, toward the mirror at the distal end of the sec- 
ond tube. The mirror is angled so as to reflect the laser 
beam at approximately a ninety degree angle, causing 
the laser beam to exit the probe through a lateral open- 
ing in the tube, along a path approximately perpendicu- 
lar to the longitudinal axis of the probe. The second tube, 
to which the mirror is attached : is movable longitudinally, 
both proximallyanddistally, to cause the laser beam exit 
point to move longitudinally along the probe. 

The focusing lens is situated within the inner tube 
proximal to the mirror. The placement of the focusing 
lens relative to the mirror is accurately controlled by 
movement of the inner tube relative to the second tube 
so as to precisely focus the laser beam at a selected 
distance away from the axis of the probe. The selected 
distance is chosen to place the focus point on the sur- 
face of the tumor tissue to be ablated. The first and sec- 
ond tubes also can be moved in concert to maintain a 
desired focal distance while moving the exit path of the 
laser beam longitudinally. 

The second tube can be rotated, to cause the mirror 
and the exit laser beam to rotate through a selected an- 
gle. The angle through which the mirror and laser beam 
are rotated can be any angle up to 360 degrees. Since 
the laser beam is focused at a point external to the 
probe, the focus point passes through an arc as the mir- 
ror rotates through the selected angle. If desired, the arc 
can form a full circle. 

In addition to rotational movement, as mentioned 
above, the mirror and the focusing lens can be moved 
in concert along the longitudinal axis of the probe in ei- 
ther the distal or the proximal direction. During this 
movement, the distance between the mirror and the lens 
can be maintained precisely constant to insure that the 
perpendicular distance of the focus point from the probe 
axis remains constant. This longitudinal movement can 



be accomplished by simultaneous mov ment of the first 
and second tubes. As the mirror and lens are moved 
longitudinally, the position of the focus point also moves 
longitudinally, maintaining its selected distance from the 
s probe axis. 

If the longitudinal movement of the mirror and the 
lens is combined with the aforementioned full circle ro- 
tation of the mirror, the focus point will follow a spiral 
path generating a cylinder, coaxial with the probe. Rath- 
10 er than generating a full cylinder, a portion of a cylinder 
could be described by reciprocating rotation of the mirror 
through a lesser arc, simultaneous with the longitudinal 
movement of the mirror and lens. 

Alternatively, rather than simultaneous rotation and 

is longitudinal movement, the mirror could be rotated 
through a desired arc while the longitudinal position is 
held stationary, followed by an incremental longitudinal 
movement of the mirror and lens and a subsequent ro- 
tation of the mirror. This stepwise scheme could also be 

20 used to generate a partial or full cylinder. It can easily 
be seen that combinations of mirror rotation and longi- 
tudinal movement can be devised to cause the focus 
point to follow any portion of a cylindrical path along the 
surface of the target tissue, ablating a layer of tissue as 

25 jt moves. 

After movement of the focus point to follow a cylin- 
drical path, as described above, the distance between 
the mirror and the focusing lens can be slightly de- 
creased by moving the inner tube distally, to increase 

30 the perpendicular distance of the focus point from the 
probe axis. This new distance can be selected to place 
the focus point on the newly exposed surface of the tu- 
mor tissue remaining after removal of the first cylindrical 
layer of tissue by the ablation of tissue at the moving 

35 focus point. 

As an example, the distal end of the probe can be 
initially inserted into the center of the tumor, thereby cre- 
ating a cylindrical cavity in the center of the tumor, oc- 
cupied by the probe. The focusing lens can then be 

40 moved to locate the focus point near the surface of the 
probe, focusing the laser beam on the adjacent surface 
of the tumor tissue. Longitudinal and rotational move- 
ment of the focus point can then ablate a generally cy- 
lindrical layer of tissue passing through the center of the 

45 tumor. To support the beginning of the procedure, a 
small balloon catheter, attached to the tip of the laser 
probe can slightly shift outwards the first layer of tissue. 
The ablated tissue fragments are then removed by as- 
piration through the probe, along with the irrigation fluid. 

50 Adjustment of the focus point to a location slightly farther 
from the probe axis, followed by repetition of the longi- 
tudinal and rotational movement, will result in ablation 
of a second cylindrical layer of tumor tissue. This proc- 
ess can be repeated until the tumor has been completely 

55 ablated and removed, from the center outwardly. 

As a variation on the method, a layer of tumor tissue 
can be ablated from an irregular surface by adjustment 
of the perpendicular distance to the focus point simulta- 
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neously with longitudinal and rotational mov ment of the 
mirror. This allows the focus point, and hence the abla- 
tion point, to follow an irregular surface of tumor tissue, 
rather than being restricted to a cylindrical surface. This 
can be important when the outer layers of the tumor are s 
ablated, since the tumor will seldom be cylindrically 
shaped. Thus, the outer layers of the tumor can be pho- 
todisrupted and removed without trauma to the sur- 
rounding healthy tissue. 

During the performance of the laser surgery, it will 
often be necessary to coagulate blood vessels to avoid 
or control bleeding. This can be accomplished by defo- 
cusing the laser beam and then using the beam to heat 
the blood at the vessel location. A second laser, like a 
continuous wave laser which is capable of coagulating 
tissue, can also be used. In either case, this calls for 
visual monitoring of the operative area during the sur- 
gery, to locate and identify the blood vessels as they are 
exposed. 

Further, in making this identification, it is very helpful 
to have specific information available to the surgeon, as 
to the location, size, and shape of such vessels, as well 
as other information about the tumor. Such information 
can be obtained pre -operative ly through techniques 
such as X-ray computer tomography (CT) and magnetic 
resonance (MR) imaging. The visual monitoring in real 
time can be accomplished with a confocal laser scan- 
ning microscope connected to the laser probe. The real 
time image from the microscope can be matched to the 
previously obtained CT and MR information to facilitate 
accurate control of the operation. A computer can be 
programmed to follow a selected ablation path, or the 
probe can be directed manually by entry of computer 
commands in real time. In this way, a three dimensional 
plan can be devised for the surgery, and the plan can 
be stereotactically controlled by a combination of man- 
ual and computer control. 

Real time monitoring with the laser scanning micro- 
scope can be enhanced with a laser doppler flowmeter 
to detect details such as individual capillaries which are 
too small to be seen visually. In addition, ultrasound can 
be used to detect larger vessels. Further, a fluorescence 
spectrometer can be integrated into the laser probe to 
identify and differentiate between tumor tissue and 
healthy tissue. In addition, ultrasound can be used to 
visualize the tumor borders on a macroscopic scale. 

The novel features of the method of this invention, 
as well as the invention itself, both as to its structure and 
its operation, will be best understood from the accom- 
panying drawings, taken in conjunction with the accom- 
panying description, in which similar reference charac- 
ters refer to similar parts, and in which: 

BRIEF DESCRIPTION OF THE DRAWINGS 

The novel features of this invention, as well as the 
invention itself, both as to its structure and its operation, 
will be best understood from the accompanying draw- 



ings, taken in conjunction with the accompanying de- 
scription, in which similar reference characters refer to 
similar parts, and in which: 

Figure 1 is a partial section view of a laser probe for 
use in the method of the present invention; 
Figure 2 is a partial section view of a tumor, showing 
a typical cylindrical tissue removal scheme; 
Figure 3 is a schematic of the apparatus used in 
performing the method of the present invention. 
Figure 4 is a schematic of the system components 
used for adjusting the position of the focusing lens 
to focus the laser beam onto a tissue layer. 
Figure 5 is a schematic showing use of an active 
mirror to accomplish active-optical focusing. 
Figure 6 is a schematic showing use of a liquid crys- 
tal light valve (LCLV) to accomplish active-optical 
focusing. 

Figure 7 is a schematic of the different subsystems 
used for the present invention to detect the light dis- 
tribution of the focal spot response, the waveform 
of the cutting, and/or the pilot laser beam. 
Figure 8 is a schematic of the apparatus used in the 
present invention to control the intracranial pres- 
sure. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

Prior to description of the method of the present in- 
vention, it will be helpful to describe briefly an embodi- 
ment of the equipment which can be used in performing 
the method. As seen in Figure 1, a laser probe 10 ap- 
plies the laser energy at a precise location within the 
tumor A. The tubular distal portion of the probe 10 has 
a diameter of approximately 5.5 millimeters, and it is suf- 
ficiently small to reach into a tumor A with minimal trau- 
ma along the access path. The length of the tubular por- 
tion of the probe 10 is about 10 centimeters. The laser 
beam 36 is emitted laterally from the distal end of the 
probe 10, perpendicular to the axis of the probe 10, to 
strike the target surface B within the interior of the tumor 
A. Focusing of the laser beam 36 on to the surface B 
ablates the surface tissue by photodisruption to create 
loose tissue fragments or particles 38. 

The distal portion of the laser probe 10 is a rigid tu- 
bular section consisting of three coaxial hollow tubes 1 4, 
16, 18. Other tube arrangements could also be used. 
The coaxial tubes 14, 16, 18 are mounted to a mounting 
body 12. The first, inner, tube 14 provides a channel for 
the laser beam path, and it houses the necessary optical 
devices for control of the laser beam 36, including a fo- 
cusing lens 20. The second tube 1 6 coaxially surrounds 
the first tube 14 : and a mirror 22 is attached near the 
distal end of the second tube 16 for deflecting the laser 
beam 36. The laser beam 36 is represented pictorially 
in the figure as two rays for illustration purposes only. 

A space 1 5 between the first tube 1 4 and the second 
tube 16 provides a flowpath 32 for irrigation fluid toward 
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the distal end of the probe 10. An isotonic natrium chlo- 
ride solution has been found suitable as an irrigation flu- 
id. The irrigation fluid is pumped down the space 1 5 be- 
tween the first tube 14 and the second tube 16 to clear 
the mirror 22 and to put ablated tissue particles 38 into 
suspension near the distal end of the probe 10. The 
third, outer, tube 18 surrounds the first and second tubes 
14, 1 6. A space 1 7 between the second tube 1 6 and the 
third tube 18 provides a flowpath 34 for aspirated irriga- 
tion fluid toward the proximal end of the probe 10. The 
aspirated fluid transports the suspended tissue particles 
38 and any accumulated biological fluid away from the 
operative area near the distal end of the probe 10. 
Therefore, as ablation occurs, continual irrigation and 
aspiration of the operative area removes the particles 
38 ol tumor tissue as they are broken loose from the 
surface B by ablation. The irrigation and aspiration flow- 
paths 32, 34 can be controlled by currently well known 
means to regulate the intracranial pressure at a selected 
level. A conduit 24 attached to the probe mounting body 
12 can carry the laser beam 36 from the laser to the 
probe 10. Other connections to the mounting body 12 
can be made for the irrigation fluid, the aspirated fluid, 
and any imaging or diagnostic equipment. 

The mirror 22 is located near the distal end of the 
probe 10. The laser beam 36 passes longitudinally 
through the inner tube 14, toward the mirror 22 at the 
distal end of the second tube 1 6. The mirror 22 is angled 
so as to reflect the laser beam 36 at approximately a 
ninety degree angle, causing the laser beam 36 to exit 
the probe 10 through a lateral opening 26 in the second 
tube 16, along a path approximately perpendicular to the 
longitudinal axis of the probe 10. The second tube 16, 
to which the mirror 22 is attached, is movable longitudi- 
nally as indicated by arrow 26, both proximally and dis- 
tally, to cause the exit point of the laser beam 36 to move 
longitudinally parallel to the axis of the probe 10. Longi- 
tudinal movement of the second tube 16 is accom- 
plished by gearing or other mechanisms known in the 
art, located within the mounting body 12. 

The focusing lens 20 is situated within the inner tube 
14 proximal to the mirror 22. The placement of the fo- 
cusing lens 20 relative to the mirror 22 is accurately con- 
trolled by longitudinal movement of the inner tube 14, 
as indicated by the arrow 30 so as to precisely focus the 
laser beam 36 at a selected distance away from the axis 
of the probe 10. The selected distance is chosen to 
place the focus point 37 on the exposed surface B of the 
tumor tissue to be ablated. Longitudinal movement of 
the inner tube 14 is also accomplished by gearing or oth- 
er mechanisms known in the art, located within the 
mounting body 12. The first and second tubes 14, 16 
also can be moved in concert to maintain a constant de- 
sired focal distance while moving the exit path of the 
laser beam longitudinally. 

The second tube 16 can be rotated, to cause the 
mirror and the exit laser beam to rotate through a se- 
lected angle. Rotation of the second tube 16 is accom- 



plished by gearing or other mechanisms known in the 
art, located within the mounting body 12. The angle 
through which the mirror 22 and the laser beam 36 are 
rotated can be any angle up to 360 degrees. Since the 
s laser beam 36 is focused at a point 37 external to the 
probe 10, the focus point 37 passes through an arc as 
the mirror 22 rotates through the selected angle. If de- 
sired, the arc can form a lull circle. 

A powerful solid state laser is used to generate the 
10 laser beam 36, with pulse durations in the one hun- 
dredth to one hundred picosecond range. Taking into ac- 
count the absorption losses in the irrigation fluid, the fo- 
cal length of the laser is chosen to achieve an energy 
density at the tissue surface B of about 50 Joules per 
square centimeter. The ablation depth of a single laser 
pulse from such a laser is about 100 micrometers. The 
ablation area of such a pulse is about 100 micrometers 
by 100 micrometers. The pulses from such a laser pre- 
cisely break off small segments of tumor tissue, thereby 
eradicating the tumor by ablation, through a mechanism 
of non-thermal photodisruption of the tissue. There are 
no discernible effects in surrounding tissues. 

The high power picosecond laser photodisrupts tar- 
get tissue by an interaction mechanism called plasma- 
mediated ablation. Where specific ablation of localized 
tissue is desired, as at the surface B of the tumor tissue, 
the laser is sharply focused on the tissue surface, cre- 
ating a microplasma at the focus spot 37 where a high 
power density exists. The microplasma rapidly expands, 
generating a cavitation bubble and a shock wave. The 
cavitation bubble imposes stress on the tissue, and the 
shock wave creates a pressure gradient in the tissue, 
resulting in a mechanical disruption of the segment of 
tissue. In this way, the tumor tissue is broken into very 
fine fragments 38. The energy level of the laser is con- 
trolled to achieve, but not greatly exceed, the ablation 
threshold. This results in ablation of the target tissue 
with negligible mechanical effects on surrounding tis- 
sue. Even at higher energies, the effects on surrounding 
tissues vanish within 300 micrometers of the focus spot 
37. 

Figure 2 shows a section view of a tumor A, with the 
probe 10 inserted into the tumor A. The probe 10 is pro- 
gressively ablating cylindrical layers C, D, E of tumor 
tissue from the surface B. The laser beam 36 is shown 
in the process of ablating a cylindrical layer C from the 
surface B, simultaneously moving in a proximal direction 
through the tumor A, while rotating through a full circle. 
The dashed lines illustrate the layer C currently being 
removed, along with the previously removed layer D, 
and the layer E which was removed before removal of 
layer D. It should be understood that other layers be- 
tween the probe 10 and the layer E would have been 
removed prior to the removal of layer E, but they are not 
shown, in the interest of clarity of the drawing. 

Figure 3 shows other equipment comprising the im- 
aging and control system 40 in which the laser probe 10 
is used. The laser probe 10 is shown inserted into the 
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cranium of the pati nt R The laser probe 10 is mounted 
by means of the mounting body 12 on a head ring 42 as 
known in the art, for stereotactic control of the position- 
ing of the laser probe 10. A source 44 of irrigation fluid 
and an aspiration means 46 are connected to the mount- 
ing body 12 of the laser probe 10. A high power solid 
state picosecond laser 48 is also connected to the 
mounting body 1 2 via beam guiding optics 50 and a flex- 
ible mirror system 52. An imaging device 54 and a con- 
trol microprocessor 56 are also connected to the probe 
10 and the head ring 42. 

The imaging device 54 can be a laser scanning mi- 
croscope, a laser doppler flowmeter, or a fluorescence 
spectrometer, or combinations thereof. Viewpaths for 
these devices can be established through the probe 10 
by the use of fiber optics or other means. The real time 
imaging can be completed by ultrasound by means of a 
stereotactic guided ultrasound probe 60. The imaging 
device 54 can also have provision for the input of CT or 
MR image data, allowing the comparison of the real time 
image with the CT or MR image. The control microproc- 
essor 56 controls the movement of the probe 10 via the 
head ring 42 and the movement of the tubes 1 4 and 1 6 
of the probe 1 0. The control microprocessor 56 also con- 
trols the imaging device 54 and the laser 48. Mapping 
of the ablation scheme can be programmed into the con- 
trol microprocessor 56, using image data obtained from 
ultrasound, CT, and MR devices. Manual control of the 
ablation process can be accomplished by entry of com- 
mands into the control microprocessor 56 while viewing 
the operative area in real time. 

Figure 4 shows elements of the system which can 
be used to adjust the position of the focusing lens 20 of 
the probe 10 in a way that ensures the focus spot 37 
hits the current tissue surface B inside the tumor A. To 
do this, the light beam 68 of the plasma spark 62 is re- 
flected into the detection unit 78 by means of a beam 
splitter 64. The light beam 68 is further split into two arms 
by means of a second beam splitter 66. In the first arm, 
the total intensity of beam 68 is detected by the photo- 
detector 76. In the second arm, wavelengths, capable 
of distinguishing between plasma light emitted from tis- 
sue and plasma light emitted from rinsing liquid, are sep- 
arated and detected by means of spectral filters 70 and 
the photodetector 74. This arrangement allows for a 
comparison of the separated wavelengths and gives in- 
formation whether the focus spot 37 lies before, on, or 
behind the tissue surface B. further this information can 
be put into the control microprocessor 56 to accurately 
position the laser beam 36. 

Figure 5 shows the method and apparatus to ac- 
tively control the waveform and thereby the focus of the 
cutting laser beam 36 by means of an active-optical mir- 
ror 82. The single elements of the active-optical mirror 
82 can be adjusted in a way known in the art such that 
the distorted wavef ront 84 of the cutting laser beam 36 
can be orchestrated to achieve an optimized wavefront 
88 near the tissue surface leading to a sharp focus spot 



37. For purposes of the present invention an active op- 
tical mirror can be used of a type as d scribed in J.F. 
Bille, A.W. Dreher, G. Zinser "Scanning Laser Tomog- 
raphy of the Living Human Eye" in "Noninvasive Diag- 

5 nostic Techniques in Ophthalmology", ed. By B.R. Mas- 
ters, Springer-Verlag (1990). The waveform 86 after the 
active-optical mirror is adjusted to compensate for ab- 
errations of the laser light beam at the target. 

As shown in Figure 6 a liquid crystal light valve 

10 (LCLV) 90 can be used instead of an active^optical mir- 
ror to accomplish the same results. According to the 
present invention the LCLV 90 can be a spatial light 
modulator (SLM) such as a LCLV as for example hex 
69 spatial light modulator of Meadowlak Optics, New 

75 Jersey. 

Figure 7 illustrates two different methods to get in- 
formation about the sharpness and quality o1 focus spot 
37. First, a beam splitter 94 is used to separate a small 
fraction of the cutting laser light, which is reflected from 

20 the tissue surface. The light is imaged onto a diode array 
98 by means of the lens 96. The diode array 98 meas- 
ures the shape and thereby the sharpness of the focus 
spot 37. Second, a pilot beam 100, having a wavelength 
near to 670 nm, is reflected at the tissue surface B and 

25 is used to detect the quality of the focusing means. The 
quality of the focus spot can be measured either by im- 
aging it onto the diode array 108 by means of the lens 
106, and/or by separating the light beam using the beam 
splitter 104 and measuring the waveform by means of 

30 a Hartmann-Schack sensor where the beam 110 is im- 
aged by the lens array 112 onto the CCD 114. These 
methods are all characterized in that the measured in- 
tensity distribution in a plane conjugate to the focal plan e 
of the cutting beam and/or the pilot beam is compared 

35 to an ideal intensity distribution and control signals are 
derived for controlling the active mirror resp. the SLM to 
compensate for imaging errors. 

Further, they are characterized in that the waveform 
of the pilot beam is measured by a wavefront sensor, e. 

40 g. } a Hartmann-Shack wavefront sensor as described in 
J. Liang, B. Grimm, S. Goelz, J.F. Bille "Objective meas- 
urement of the wave aberrations of the human eye by 
the use of a Hartmann-Shack wavefront sensor" J. Opt. 
Soc. Am. Vol. 11 Nr. 7, pp. 1949-1957 (1994), is com- 

45 pared to an ideal waveform and control signals are de- 
rived for controlling the active mirror resp. the SLM to 
compensate for imaging errors. 

OPERATION 

so 

The brain is mapped through ultrasound, CT or MR 
techniques to locate the tumor A and to develop infor- 
mation about the size and shape of the tumor A, as well 
as information about the location, size, and shap of 
55 blood vessels. This information is fed into the imaging 
device 54 and the control microprocessor 56. The con- 
trol microprocessor 56 is programmed to control the 
placement and movement of the probe 10. the orienta- 
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tion of the laser beam 36, and the pulsing of the laser 
48, to ablate and remove the tumor tissue. This estab- 
lishes a three dimensional laser treatment scheme for 
the particular tumor A. 

The skull of the patient is prepared for insertion of s 
the probe 10, and the probe 10 is inserted into the cra- 
nium and approximately into the center of the tumor A. 
The laser 48 is energized and selectively pulsed by the 
control microprocessor 56 according to the aforemen- 
tioned ablation program. Simultaneously, the orientation 10 
of the laser beam 36 is controlled by the control micro- 
processor 56 through rotational movement of the sec- 
ond tube 16 and through longitudinal movement of the 
first and second tubes 14, 16, according to the ablation 
program. Similarly, the distance of the focus spot 37 is 
from the probe 1 0 is controlled by the control microproc- 
essor 56 through longitudinal movement of the first tube 
14 relative to the second tube 16, according to the ab- 
lation program. As the tumor tissue is photodisrupted by 
ablation, the tissue breaks off in very small fragments 20 
38. 

The progress of the ablation process can be ob- 
served by the surgeon on a video monitor on the imaging 
device, through the confocal laser scanning micro- 
scope. The real time image can be enhanced with the 25 
laser doppler flowmeter or the fluorescence spectrom- 
eter. The laser doppler flowmeter detects frequency 
shifts in reflected light, through well known means, to 
identify tumor tissue or individual capillaries too small to 
be seen otherwise. In addition, ultrasound can be used 30 
to detect larger vessels. A signal representative of the 
real time image is compared with a signal representative 
of the CT or MR image. The error between the two sig- 
nals can be electronically compared and minimized by 
the control microprocessor 56 to accurately position the 35 
laser beam 36. 

The fluorescence spectrometer requires the stain- 
ing of tissue with a dye. A dye such as Hematoporphyrin 
Derivate (HpD) can be injected into the operative area 
through well known means to enable the use of the flu- 40 
orescence spectrometer in identifying tumor tissue as 
differentiated from healthy tissue. The intensity of the 
fluorescence can be measured to differentiate between 
tumor tissue and healthy tissue, according to well known 
procedures. Further, the time delay of emitted fluores- 45 
cence can be measured to identify tumor tissue and 
healthy tissue, according to well known procedures. In 
addition, ultrasound can be used to visualize the tumor 
borders on a macroscopic scale. 

Blood vessels can be located through the mapping so 
techniques of CT and MR imaging through ultrasound 
imaging, visually through the laser scanning micro- 
scope, or through other means. When a blood vessel is 
encountered, the laser beam 36 can be defocused and 
used to heat the blood in the vessel to coagulate the ss 
blood, sealing the vessel. The blood vessel can also be 
coagulated by other means. 

The control microprocessor 56 can control the ori- 



entation, movement, and pulsing of the laser beam 36 
to ablate a cylindrical layer of tumor tissue. The irrigation 
source 44, such as a pump, provides a fluid such as an 
isotonic natrium chloride solution to the operative area. 
The aspiration means 46, such as a vacuum pump, as- 
pirates the solution, along with any suspended particles 
and other debris, from the operative area to aspirate the 
tumor tissue fragments 38. After ablating a cylindrical 
layer, the focal distance can be increased to locate the 
focus spot on the newly exposed surface of tumor tis- 
sue. Repeated manipulation of the laser beam 36 then 
removes an additional layer of tumor tissue. The axial 
length of the cylinder which can be ablated depends up- 
on the focal length of the laser beam 36, which depends 
upon the power output of the picosecond laser 48. A typ- 
ical apparatus having a relatively limited laser power 
might be limited to an axial movement of the laser beam 
36 of approximately 20 millimeters. 

Figure 8 shows the schematic of the arrangement 
used to control the intracranial pressure. A miniaturized 
pressure sensor 122 is attached to the tip of the probe 
and accurately measures the pressure within the abla- 
tion cavity 120. The signal is put into the microprocessor 
interface 130. By means of the pumps 44 and 46 : and 
the valve 1 24 the flow of rinsing liquid can be controlled. 
The fluid can be measured by the flow meters 126 and 
128, which measure the aspiration and irrigation, re- 
spectively. The signal of the flow meters is also put into 
the interface 1 30. 

Using a picosecond laser with a pulse energy of 2.5 
millijoules and a repetition rate of 4 kHz, the ablation 
velocity is approximately 4 cubic millimeters per second, 
or 15 cubic centimeters per hour. The desired power 
density at the surface of the tumor tissue is about 50 
Joules per square centimeter. 

The layers removed can be fully cylindrical as illus- 
trated, or they can be partial cylinders. Further, they can 
have other shapes, according to the ablation scheme 
programmed into the control microprocessor 56. 

While the particular METHOD FOR PERFORMING 
STEREOTACTIC LASER SURGERY as herein shown 
and disclosed in detail is fully capable ol obtaining the 
objects and providing the advantages herein before 
stated, it is to be understood that it is merely illustrative 
of the presently preferred embodiments of the invention 
and that no limitations are intended to the details of con- 
struction or design herein shown other than as de- 
scribed in the appended claims. 

The present invention provides a method for using 
a laser beam in stereotactic laser neurosurgery for the 
photodisruption of malignant tissue which comprises the 
steps of: 

locating a hollow probe to establish extracorporeal 
access to the tissue to be photodisrupted, said hol- 
low probe having a proximal end and a distal end 
and being formed with a channel; 
selectively placing a light reflector near said distal 
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end of said probe; 

directing said laser beam on a beam path through 
said channel of said probe for reflection from said 
light reflector in a direction away from said beam 
path; 

positioning a lens in said channel proximal to said 
mirror to focus said laser beam at a desired focal 
point: and 

moving said light reflector, in concert with move- 
ment of said lens, to move said focal point in a pre- 
determined manner for photodisruption of the tis- 
sue. 

Preferably, said moving step further comprises the 
steps of: 

rotating said light reflector through an 'arc to photo- 
disrupt tissue at a predetermined radial distance 
from said mirror along said arc; and 
simultaneously moving said light reflector and said 
lens in a proximal/dista! direction through an equal 
distance to photodisrupt tissue along successive 
arcs in said proximal/distal direction. 

Preferably, said arc is approximately three hundred 
and sixty degrees. 

Preferably, a range for movement in said proximal/ 
distal direction is approximately twenty millimeters. 

Preferably the method further comprises the step of 
moving said lens in said proximal/distal direction relative 
to said mirror to vary said radial distance of said focal 
point relative to said mirror. 

Advantageously, photodisruption of said tissue cre- 
ates a plasma spark and said method further comprises 
the step of controlling the said movement of said lens in 
said proximal distal direction relative to said mirror, by 
detecting the light of the plasma spark to measure the 
position of said focal point relative to the current tissue 
surface. 

Preferably, the method further comprising the step 
of controlling the waveform of the cutting beam by an 
active mirror. 

Preferably, the method further comprises a step of 
controlling the waveform of the cutting beam by a spatial 
light modulator. 

Preferably the method includes the steps of: 

rinsing said light reflector with a solution of isotonic 
natrium chloride; and 

aspirating said solution together with photodisrupt- 
ed debris from around said tissue to maintain pres- 
sure on said tissue at a preselected level. 

Preferably the method includes the steps of: 

measuring the intracranial pressure; and 
controlling said pressure on said tissue at a prese- 
lected level. 



Preferably, said laser beam has an energy density 
of approximately 50 J/cm 2 . 

Preferably, said laser beam comprises a plurality of 
pulses having a pulse duration in the range of from one 
5 hundredth to one hundred picoseconds. 

Preferably, each said pulse in said laser beam has 
a pulse energy of approximately 2.5 mJ and the repeti- 
tion rate for said pulses of said laser beam is approxi- 
mately 4 kHz. 
10 Preferably the method includes the steps of: 

delaying said moving step to fix said focal point at 
a position for a predetermined period of time; and 
defocusing said laser beam to coagulate blood at 
is said position. 

Preferably the method further comprises the steps 

of: 

20 identifying a blood vessel in the tissue to be photo- 
disrupted; and 

performing said delaying step and said defocusing 
step on said blood vessel. 

25 Conveniently, said identifying step is accomplished 
using a confocal laser scanning microscope for real time 
viewing of the tissue. 

Alternatively, said identifying step is accomplished 
using a laser doppler flowmeter for real time viewing of 
30 the tissue. 

Preferably said identifying step includes the steps 

of: 

dying the tissue to be photodisrupted; 
35 exciting the dyed tissue with a laser pulse having a 
fixed wavelength; and 

measuring the fluorescent intensity of the tissue as 
an indication and identification of the tissue to be 
photodisrupted. 

40 

Conveniently, said dying step is accomplished us- 
ing Hematoporphyrin Derivate (HpD). 

In another preferred embodiment, said identifying 
step includes the steps of: 

45 

dying the tissue to be photodisrupted; 

exciting the dyed tissue with a laser pulse having a 

fixed wavelength; and 

measuring the time delay of fluorescence as an in- 
50 dication and identification of the tissue to be photo- 
disrupted. 

Preferably said dying step is accomplished using 
Hematoporphyrin Derivate (HpD). 
55 Preferably the method includes the steps of deter- 
mining a boundary between the malignant tissue to be 
photodisrupted and healthy tissue. 

Conveniently, said determining step is accom- 
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plished using ultrasound imaging for real tim viewing 
of the tissue. 

Alternatively, said determining step is accomplished 
using a confocal laser scanning microscope for real time 
viewing of the tissue. 

In a further alternative said determining step is ac- 
complished using a laser dopp ler flowmeter for real time 
viewing of the tissue. 

Preferably, said determining step includes the steps 

of: 

dying the tissue to be photodisrupted; 

exciting the dyed tissue with a laser pulse having a 

fixed wavelength; and 

measuring the fluorescent intensity of the tissue as 
an indication and identification of the tissue to be 
photodisrupted. 

Advantageously, the method includes the steps of: 

constructing a magnetic resonance image of the tis- 
sue to be photodisrupted: 

viewing the tissue to be photodisrupted using a con- 
focal laser scanning microscope to generate a real 
time image of the tissue to be photodisrupted; and 
comparing said magnetic resonance image with 
said real time image to accomplish said directing 
step. 

Preferably, the method includes the steps of: 

constructing a magnetic resonance image of the tis- 
sue to be photodisrupted: 

viewing the tissue to be photodisrupted using a la- 
ser doppler flowmeter to generate a real time image 
of the tissue to be photodisrupted; and 
comparing said magnetic resonance image with 
said real time image to accomplish said directing 
step. 

Conveniently, said predetermined manner in said 
step of moving said mirror creates a separate piece of 
the tissue to be photodisrupted. 

Preferably, the method further comprises the steps 

of: 

constructing a magnetic resonance image of the tis- 
sue to be photodisrupted: 

generating a first signal, said first signal being a 
characteristic of said magnetic resonance image; 
viewing the tissue to be photodisrupted using a la- 
ser doppler flowmeter to generate a real time image 
of the tissue to be photodisrupted; 
generating a second signal, said second signal be- 
ing characteristic of said real time image; 
comparing said first signal of said magnetic reso- 
nance image with said second signal of said real 
time image to create an error signal; and 



accomplishing said moving step to minimize said 
error signal. 

Preferably the method further comprises the steps 

5 of: 

locating a balloon catheter near said distal end of 
said probe; and 

shifting outwards the first layer of tissue by inflating 
io said balloon catheter. 



Claims 

is 1 . A device for using a laser beam in stereotactic laser 
neurosurgery for the photodisruption of malignant 
tissue which comprises: 

a hollow probe assembly formed with a channel 
20 and having a proximal end and a distal end; 

a source of laser light connected in light com- 
munication with said proximal end of said probe 
to direct a beam of laser light through said chan- 
nel from said proximal end toward said distal 
25 end; 

a reflector slidably and rotatably mounted on 
said distal end of said probe for selectively di- 
recting said laser beam from said probe to- 
wards the malignant tissue; and 
30 a lens system for focusing said laser beam at 

a focal point on said malignant tissue distal 
from said reflector. 

2. A device as recited in Claim 1 wherein said reflector 
35 is a mirror. 

3. A device as recited in Claim 1 wherein said reflector 
is a prism. 

40 4. A device as recited in Claim 1 , 2 or 3 wherein said 
lens system further comprises an active mirror for 
focusing said laser beam. 

5. A device as recited in Claim 1 wherein said lens sys- 
45 tern further comprises a liquid crystal light valve for 

focusing said laser beam. 

6. A device as recited in Claim 1 further comprising 
means for real time imaging of said malignant tis- 

so sue, said real time imaging means being mounted 
in light communication with said channel of said 
probe via said proximal end thereof. 

7. A device as recited in Claim 6 wherein said means 
55 for real time imaging further comprises an ultrasonic 

probe. 

8. Use of a device as claimed in any one of Claims 1 
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to 7 in the manufacture of apparatus for use in ster- 
eotactic laser neurosurgery. 

9. Use of a device as claimed in any one of Claims 1 

to 7 for the manufacture of a device for use in a 5 
method for using a laser beam in stereotactic laser 
neurosurgery for the photodisruption of malignant 
tissue which comprises the steps of: 

locating a hollow probe to establish extracor- io 
poreal access to the tissue to be photodisrupt- 
ed, said hollow probe having a proximal end 
and a distal end and being formed with a chan- 
nel; 

selectively placing a light reflector near said 7 $ 
distal end of said probe; 
directing said laser beam on a beam path 
through said channel of said probe for reflection 
from said light reflector in a direction away from 
said beam path; 20 
positioning a lens in said channel proximal to 
said mirror to focus said laser beam at a desired 
focal point; and 

moving said light reflector, in concert with 
movement of said lens, to move said focal point 25 
in a predetermined manner for photodisruption 
of the tissue. 

10. Use of a device as recited in Claim 9 wherein said 
moving step further comprises the steps of: 30 

rotating said light reflector through an arc to 
photodisrupt tissue at a predetermined radial 
distance from said mirror along said arc; and 
simultaneously moving said light reflector and 35 
said lens in a proximal/distal direction through 
an equal distance to photodisrupt tissue along 
successive arcs in said proximal/distal direc- 
tion. 

40 



45 
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(54) Method for performing stereotactic laser surgery 

(57) A method for the photodisruption of tissue using 
a laser beam for stereotactic laser neurosurgery in- 
cludes the initial step of positioning the distal end of a 
probe into the tissue to be photodisrupted. A laser beam 
having laser pulses of picosecond or. femtosecond du- 
ration is then directed along a beam path through the 
probe. Using a focusing lens, which is slidably posi- 
tioned on the beam path in the probe, and a light reflec- 
tor, which is slidably positioned on the beam path at the 
distal end of the probe, the laser beam is focused to a 
focal point that is located on a line substantially perpen- 
dicular to the beam path through the probe. By concert- 
ed movement of the lens and mirror, predetermined cy- 
lindrical layers of tissue can be photodisrupted. Specif- 
ically, a rotation of the mirror causes photodisruption of 
tissue along a circular arc and a simultaneous move- 
ment of the lens and mirror allows for photodisruption of 
additional arcs on a cylindrical surface. Further, by mov- 
ing the lens relative to the mirror, cylindrical tissue sur- 
faces having different radii can be photodisrupted. Ad- 
ditionally, the area of tissue photodisruption can be irri- 
gated and aspirated during practice of the method. 
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